Photon statistics is a powerful tool for characterizing the emission dynamics of nanoscopic systems and their photophysics. Recent advances that combine correlation spectroscopy with scanning tunneling microscopy-induced luminescence (STML) have allowed measuring the emission dynamics from individual molecules and defects demonstrating their nature as single photon emitters. The application of correlation spectroscopy to the analysis of the dynamics of a well-characterized adsorbate system in ultrahigh vacuum remained to be shown. Here we combine single photon time correlations with STML to measure the dynamics of individual H2 molecules between a gold tip and a Au (111) surface. An adsorbed H2 molecule performs recurrent excursions below the tip apex. We use the fact that the presence of the H2 molecule in the junction modifies plasmon emission to study the adsorbate dynamics. Using the H2 molecule as a chopper for STM-induced optical emission intensity we demonstrate bunching in the plasmonic photon train in a single measurement over six orders of magnitude in the time domain (from µs to s) that takes only a few seconds. Our findings illustrate the power of using photon statistics to measure the diffusion dynamics of adsorbates with STML.
it can exchange energy and momentum with the local environment, making the adsorbate prone to diffusion. 4 For individual molecules confined on surfaces at cryogenic temperatures, the diffusion dynamics typically occur on the nanometer length scale and on a time scale in the microsecond to second range. 5 Dynamical processes can be routinely accessed on the nanoscale with scanning tunneling microscopy (STM) but achieving high temporal resolution below the millisecond range of individual adsorbates has remained a challenge because of the limited bandwidth of the necessary current preamplifier. 6, 7 Photon correlations, by contrast, allow emission properties to be probed on the picosecond scale. 8 Efforts to combine the temporal resolution of correlation spectroscopy with the spatial resolution of STM have been made earlier and while great advances have been obtained in the study of single photon emitters, 9, 10 investigating the diffusion dynamics of well-characterized adsorbate systems with photon correlations has not seen much progress recently.
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Here we report on the dynamics of an individual hydrogen molecule (H2) adsorbed on a crystalline Au(111) surface. Profiting from the tip-induced plasmonic electroluminescence and combining time-resolved photon detection with STML, 9 we can monitor the motion of H2 with a time resolution down to a microsecond. Importantly, our experiments require only a few seconds of integration and can be easily extended to other molecular systems on surfaces. The technique is based on the observed change of plasmon emission intensity when a molecule is present in the STM tunnel junction. Inelastic electron tunneling processes excite plasmon nanocavity modes which can be detected as photons in the far field. 14 When H2 moves into the junction, we observe a jump to higher conductance and a reduction of emission efficiency due to the fact that electrons preferably tunnel through the first empty molecular orbital, 15,16 which reduces the branching ratio between inelastic and elastic tunneling and results in plasmonic emission being suppressed. Since the increase of conductance is, however, much larger than the reduction of emission efficiency, we observe a significant increase in the total plasmon emission intensity. By calculating the second order correlation function of the photon intensity train, g (2) (τ), we are able to assess the dynamics of the molecule in the junction. Because the diffusion of adsorbates is a common process in STM studies and many adsorbates modify plasmonic emission intensity, the measurement of plasmon modulation statistics in molecular tunnel junctions can be widely extended to measure the dynamics of adsorbates on metal surfaces.
Compared to the well-established method of evaluating telegraphic noise in the tunnel current, 7,17,18 our technique allows for an efficient analysis of the system time constants over many orders of magnitude using an optoelectronic approach.
In Fig. 1 we present constant current STM images of a Au(111) surface covered with H2 measured at 4K. Fig. 1a shows a high resolution large scale image of three H2/Au(111) terraces separated by monatomic steps obtained at a bias voltage of +3.23 V applied to the sample. H2 molecules exhibit a long-range ordered hexagonal superstructure with an average periodicity of ≈2 nm, templated by the herringbone reconstruction of Au(111). This intermolecular distance is approximately half the surface state Fermi wavelength (λF/2 = 1.9 nm) 19 suggestive of a surfacestate-mediated electronic intermolecular interaction. [20] [21] [22] In Fermi superlattices the adsorbates scatter substrate electrons which generate electronic density oscillations. Charge fluctuations induce an oscillatory potential between adsorbates, with a characteristic periodicity proportional to the electron wave vector at the Fermi energy. 20 Such long-range ordered superstructures mediated by surface electrons are known to be low-temperature metastable configurations for a number of small physisorbed adsorbates and have been observed on densely-packed noble metal interfaces bearing surface states. 20, 23 Hydrogen is known to form coverage-dependent superlattices on semiconductors and metal surfaces [24] [25] [26] [27] [28] [29] and condensed hydrogen structures have been reported on Au(111) around surface defects such as single molecules 30 or metal clusters. 31 Here we report the observation of a two-dimensional surfacestate-mediated H2 superlattice on Au(111) for the first time.
Hydrogen adsorbates have earlier been studied by means of scanning tunneling spectroscopy (STS) and inelastic electron tunneling spectroscopy (IETS) and are known to exhibit a characteristic vibrational structure that permits their identification. 24, 25, 27, 29, 30, 32, 33 The inset in adsorbates while they are trapped between tip and substrate. 32, 33 In our experiments, we rationalize the formation of the surface-state mediated H2 superlattice by the condensation of a coverage-dependent network of H2 appearing in the presence of residual hydrogen in the cryogenic vacuum of our low temperature STM. Assuming that each protrusion corresponds to a single molecule, the molecular coverage is 2% with respect to the reconstructed Au(111) surface atom density. 34 However, the value may vary since H2/Au(111) is an extremely bias-dependent system and scanning at the required higher voltages can stimulate partial H2 desorption.
To gain further insights into the nanocavity geometry and electronic structure we have performed DFT simulations of the complete STM tip -H2 -Au(111) system with tip-surface distances of 5 Å and 7Å (see S.I. for further details). 35 Such separations are characteristic for the tunnel regime in STM. We find that in the relaxed structure of the system a H2 molecule is vertically aligned between tip and sample. The molecule is tensile-stretched which produces a weakened H-H bond. The H atom closest to the tip has a tendency to be below the apex due to the higher reactivity of the last protruding Au atom of the tip. The H atom closest to the sample is located in an atop position of the Au surface. To theoretically explore the dynamical processes,
we have performed ab initio molecular dynamics (AIMD) calculations and simulated the energy input from tunneling electrons. After an energy of ~3 eV is equally distributed between the atoms of the relaxed unit cell, the system is allowed to evolve following the quantum mechanically induced force fields and resulting motions. Under these conditions we find that the H2 molecule oscillates between two configurations, one where the H2 is vertically aligned and the other where the molecule is submitted to a high degree of strain. During its vibrations, the molecule performs excursions outside and inside the tunnel junction, (see S.I) which is made apparent by the bistable emission condition observed in the experiments, as we will discuss in more detail below.
Next we address the spatially-resolved STM-induced luminescence (STML). A lens collects the light from the tunnel junction and guides it to a single photon avalanche photodiode (SPAD) which enables measuring the STML intensity while raster scanning the tip over the surface. Height maxima coincide with minima in the photon maps (Fig. 1e) . Moreover, clean Au (111) regions correlate with higher photon efficiencies; at the bottom left of Fig. 1b one molecule is missing in the topographic map which results in the extraordinarily high experimental quantum efficiency (detected photons per tunneling electron) on that region in Fig.1d .
To understand the origin of the quantum efficiency decrease on top of the molecule we study the electronic structure and the charge transport mechanisms of the H2/Au(111) system with experiments and ab-initio calculations. Let us first consider a metallic tunnel junction formed between a metal tip and a Au(111) surface without H2 adsorbates. The schematic energy diagram of such a "clean" tunnel junction is presented in Fig. 2b . When a positive bias is applied to the sample, it results in the tunneling of electrons from the tip to the sample. At a bias of +3 V, inelastic electron processes excite tip-sample nanocavity plasmon modes with a quantum efficiency up to 1.5 x 10 -4 photons/electron 1, 14 (Fig. 1 c,d ). Due to the large number of initial and final states available for inelastic tunneling (marked with red arrows in Fig 2b) a broad emission spectrum of around 100 nm width is typically observed (see S.I.). Broadband plasmonic spectra are characteristic of the electroluminescence of coinage-metal tunnel junctions, even in the presence of molecular adsorbates. 1, 36 When H2 is present in the junction, its molecular orbitals modify the tunneling matrix elements of charge carriers and reduce the probability for the inelastic tunneling events that are responsible for plasmon emission. In Fig. 2a we present the dI/dU spectrum measured on a H2
adsorbate on Au(111) with a clean metallic tip. Since dI/dU is proportional to the local density Concurrent with modification of plasmonic emission in the nanocavity, the H2 molecule gets transiently charged and its molecular vibrational and translational modes become excited. 32, 33, 37 The negative differential resistance feature observed around 3.5 eV is a clear indication that energy dissipation channels are opened when tunneling into the antibonding 1σ* state. Energy loss by excitation of translational modes of H2 can lead to molecular diffusion across the Au (111) surface. 38 As a consequence of a migration process the tip-sample junction may become emptied of H2. However, the surface-state mediated potential between adsorbates will drive the molecule back below the tip to its minimum energy position within the Fermi lattice. The schematic in Fig adsorbates it will produce low plasmon emission intensity at a fixed tip -Au(111) distance. When the molecule returns to its position below the tip apex the junction becomes bright again. The two alternating states result in periods of low and high photon count rates. Therefore, the resulting light intensity trace will exhibit photon bunches interrupted by time intervals that correspond to the time when the H2 molecule is out of the tip-sample junction.
A means for analyzing the relative time delay between photons in a stream is the normalized second order correlation function of the light intensity I(t):
(2) ( ) expresses the probability that two photons are detected with a time difference and is proportional to the number of all photon pairs observed with time between them. We use (2) ( ) to analyze the STM-induced luminescence of the H2/Au(111) system and assess the dynamics of the excursions of the H2 molecule in the junction. For this aim we connect one SPAD to a time-correlated single photon counting (TCSPC) module and record the arrival time of every detected photon. 39 We calculate (2) ( ) and access time constants down to the low microsecond range. The timescale of our set-up is limited of the electronic detector afterpulsing which generates artifacts at times < 1 µs. 39 In Fig. 4c we present the (2) ( ) function obtained on a Au(111) region without H2.
(2) ( ) is exactly unity over more than five orders of magnitude in the time domain. This is an important reference measurement since mechanical noise in the experimental set-up or tip instabilities, even when small, will become obvious in spurious photon bunching features. Moreover, all We find the dominating transition with a time constant 1 in the millisecond range with a value of 2.37 ms.
To quantify the dynamics in more detail we use a time-dependent model permitting us to estimate the periods when the molecule stays below the tip with enhanced emission and the excursion periods with low photon intensity. We employ a two level rate model where the system is always in one of the two states, either in the bright state (molecule inside the junction) or in the dark state (molecule outside the junction). For simplicity we further assume that light emission in the latter state is negligible. We define the rate constants and , accounting for the molecule to change from the bright to the dark state and from the dark to the bright state, respectively. The rates are the inverses of the average residence times of the molecule outside ( ) and inside ( ) the junction. The analytical solution yields:
where:
Therefore:
Fitting the experimental (2) ( ) in Fig. 4d to the single exponential from equation [2] we obtain the values = 99±7 s -1 and = 318±25 s -1 , which correspond to an average residence time for the molecule inside and outside the junction of = 10.1 ms and = 3.1 ms, respectively.
Minor deviations from this model are accounted for by extending the fitting function to a total of three exponentials. We then find two more time constants, 2 and 3 , which are in the microsecond (31 µs) and millisecond range (87 ms), accounting for 11% and 9% of the bunching, respectively (see S.I). The physical origin of 2 and 3 is not clear at the present stage. These time constants may pertain to alternative processes which modify the light emission to a minor degree, e.g. molecular vibration, rotation or dissociation 33, 37, 40 and may be the subject of future investigations.
In summary, we combine STM and single photon time correlation spectroscopy for studying the dynamics of H2 molecules on a gold surface using plasmon intensity modulations by individual 
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The experiments are performed with an in-house built, low-temperature (4.2 K), UHV (<10 Maxwell-Boltzmann distribution for a given input energy. (iii) The atoms are then free to move using these initial velocities and the atomic forces calculated quantum mechanically within the DFT framework. (iv) Finally, the system is let evolve for 2.5 ps, corresponding to 5000 AIMD steps.
Voltage-induced and temperature-induced desorption of H2.
In Fig. S1 we present two consecutive STM images of the Au(111) surface covered with H2
adsorbates. In Fig. S1a each Au(111) terrace is covered with the H2 surface-state mediated Fermi superlattice. In Fig. S1b the central terrace has been cleaned of H2 adsorbates. In between both images a voltage pulse of +6V, 10 ms was applied in the position marked with a star in Fig. S1a .
The tunneling probability to H2 is extremely bias-dependent and H2 can only be imaged using large positive voltages (see section below). High bias voltages are essential for obtaining STMinduced plasmonic emission and for structural characterization of the superlattice. However, we noticed that in some cases, the use of voltages above +5 V triggered H2 desorption on a particular terrace. Such an observation indicates that the superlattice can be desorbed easily and selectively. The fact that desorption is restricted to a single terraces may suggests the mediation by surface-state electrons in the desorption mechanism. Surface states present on Au(111) have a free electron-like character and can propagate along terraces for several tens of nanometers but are efficiently reflected at surface steps. Therefore, exciting surface electrons by the tunneling current from the tip and subsequent energy transfer to the translational and vibrational modes of the molecules covering the terrace may explain the ability to selectively desorb H2 from terraces. Similar terrace-selective, long-range remote molecular activation has been reported for molecular adsorbates on surfaces with pronounced surface states. In Fig. S2 we present two consecutive STM topographs obtained at 10.5K and 11K respectively.
In an experiment designed to test the desorption temperature of the Fermi superlattice we imaged the surface while the sample temperature slowly increased. We observed that the Fermi superlattice is stable until 10.5K but disappeared at temperatures equal or higher than 11K which we attribute to H2 desorption from the Au(111) surface. imaging has been reported for other molecular adsorbates, 2 3 this is to our knowledge the first system where the adsorbate stays completely unobservable over a wide range of voltages. 
Local density of states of the tip-H2-surface
To better understand the nanocavity geometry and its electronic structure we have performed DFT simulations of a model STM tip -H2 -Au(111) system. 4 In a first step, we have started finding the most stable site for a single H2 molecule on a Au-5x5 unit cell. This unit cell is large enough to ensure that the H2 molecules do not interact laterally with each other. As previously reported, the molecule is vertically weakly physisorbed on the Au(111) surface. We have checked the influence of van der Waals (vdW) forces by performing calculations including the D3 approach. 5 We find that upon vdW inclusion the adsorption configuration remains the same and only a slightly increased adsorption energy appears. Figure S6a shows the projected density of states Figure S7 . To explore the physical origin of the dynamic fluctuations, we have simulated the energy input from inelastic tunneling electrons into the system by ab initio molecular dynamics (AIMD)
Ab-initio molecular dynamics (AIMD)
calculations. 4 In order to simulate the effect of the energy dissipation after elastic tunneling to the molecule and subsequent electron and energy release to the substrate, we distribute the energy of ~3 eV between all the freely movable 231 atoms of the unit cell equally. The system is then allowed to evolve. Fig. S7a shows AIMD calculations for a tip-surface distance of 7 Å while 
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